Context. The VISTA Variables in the Vía Láctea (VVV) is a near-IR time-domain survey of the Galactic bulge and southern plane. One of the main goals of this survey is to reveal the 3D structure of the Milky Way through their variable stars. Particularly the RR Lyrae stars have been massively discovered in the inner regions of the bulge (−8 Aims. Our goal is to characterize the RR Lyrae stars in the outer bulge in terms of their periods, amplitudes, Fourier coefficients, and distances, in order to evaluate the 3D structure of the bulge in this area. The distance distribution of RR Lyrae stars will be compared to the one of red clump stars that is known to trace a X-shaped structure in order to determine if these two different stellar populations share the same Galactic distribution. Methods. A search for RR Lyrae stars was performed in more than ∼ 47 sq deg at low Galactic latitudes (−10.3
Introduction
Big astronomical surveys are changing the way we understand the formation, structure and evolution of our Galaxy. Among those, only a few have been able to access the inner regions of the Milky Way because of the effects of severe crowding and high interstellar extinction of these dense Galactic regions. Nearand mid-IR surveys such as 2MASS, GLIMPSE, and UKIDSS-GPS (Skrutskie et al. 2006; Benjamin et al. 2005; Lucas et al. 2008 ) have helped to overcome the extinction problem covering the innermost regions of the Galaxy, but the lack of multipleepoch observations within those surveys prevents us from using them to study and characterize the large number of variable sources in the bulge. Optical time-domain surveys such as OGLE, MACHO, and EROS (Udalski et al. 2015; Alcock et al. 1996; Aubourg et al. 1993 ) have partially solved this problem but unfortunately the high extinction found towards the bulge line-of-sight restricts them from accurately map the innermost regions.
In response to these limitations, the VISTA Variables in the Vía Láctea (VVV) ESO public survey (Minniti et al. 2010 ) provides a near-IR, multi-epoch photometric coverage of the inner Galaxy (−10
• 10
• , −10
. The large near-IR coverage of the VVV survey, high spatial resolution, and depth of the survey enables the capacity to perform studies globally across the entire inner Galaxy, reaching larger distances than it has ever been possible before. The first stage of the VVV Survey provided full-coverage, multi-color photometry of the inner 520 sq. deg. of the Galaxy. These data was used for the construction of 2-D and 3-D extinction maps (Gonzalez et al. 2011 (Gonzalez et al. , 2013  Article number, page 1 of 26 arXiv:1604.01336v1 [astro-ph.GA] 5 Apr 2016 A&A proofs: manuscript no. RRLyr_vf Schultheis et al. 2014) , and metallicity gradient maps (Gonzalez et al. 2013 ) of the Galactic bulge.
One of the main scientific goals of the VVV Survey is to build a global 3D map of the Milky Way using well known primary distance indicators. In this context, the first epoch of VVV observations has been used to investigate the shape of the bulge using the observed magnitude of red-clump giant stars as distance indicators. Bulge studies using red-clump stars have helped unveiling the global shape of the stellar bar, confirming that the Milky Way hosts a peanut or X-shape bulge (Wegg & Gerhard 2013; Saito et al. 2012b) .
On the other hand, the ongoing variability campaign of the VVV survey now allows us to investigate the shape of the inner Galaxy using variable stars as distance estimators. Variable star searches are expected to yield many more candidates in the near future (Catelan et al. 2013a,b) , allowing us to measure the extinctions and distances along the line of sight, providing another 3D view of the inner Milky Way (Dékány et al. 2013 . RR Lyrae stars are particularly interesting in this context as they allow us to trace, unequivocally, the oldest stellar component of the Galaxy (Dékány et al. 2013; Catelan & Smith 2015) . Interestingly, the distance distribution of RR Lyrae stars found by Dékány et al. (2013) follows a different shape than the one traced by red-clump stars. While the distances obtained from red-clump stars trace tightly the position angle of the bar, as well as the distance split along the minor axis due to the far and near arms of the X-shaped bulge, distances and radial velocities to the RR Lyrae population from Dékány et al. (2013) and Kunder et al. (2016) , respectiely, appear to follow a spheroidal distribution instead of the stellar bar traced by RC stars.
In this present study we perform the search of RR Lyrae stars using VVV data continuing the analysis which was started by Gran et al. (2015) , extending the work to 28 more VVV tiles (b201-b228). These regions have been not been covered by the OGLE survey yet, therefore the RR Lyrae presented here are particularly important in this context. This is where the X-shape bulge becomes most prominent making it the ideal location to investigate how different are the structures traced by these two populations. We calculate their distances and compare their spatial distribution with respect to those derived from red-clump stars.
Observations
The VVV Survey is a public ESO near-IR survey that is mapping the inner Milky Way, including the inner halo, the bulge and an adjacent section of the disk with the VISTA 4m telescope at ESO Paranal Observatory (Minniti et al. 2010) . The survey covers an area of 562 sq deg in total, and the VVV database now contains ZY JHK s photometry of about one billion sources on the VISTA system for which 2MASS coordinates have been used to construct the coordinate system, and a variability campaign in the K s -band (Saito et al. 2012a; Hempel et al. 2014 ). See Gran et al. (2015) for more details of the instrument and their spatial configuration on the Galactic bulge and disk.
In this analysis we used data covering more than ∼ 47 sq deg in the outer bulge (−10.0 • +10.7
• and −10.3
• b −8.0
• ). This area corresponds to the VVV tiles b201 through b228, obtained between April 2010 and August 2014 with 60-62 epochs in all the selected tiles. We use aperture photometry applied to the stacked images (e.g. "tiles"), provided by the Cambridge Astronomical Survey Unit (CASU) 1 and setting the 1 http://casu.ast.cam.ac.uk/vistasp/ minimum number of epochs per star analyzed to 30 in order to achieve a better frequency analysis and avoid gaps in the light curves.
Detection and classification of RR Lyrae stars
We selected variable candidates by analyzing the χ 2 value for all the available time series, considering the mean error-weighted magnitude as the model (e.g. a non-variable star will have values close to 0). A similar analysis was presented in Carpenter et al. (2001) to detect variable candidates. If this value exceeds the imposed cutoff of χ 2 = 2 (see Gran et al. 2015) , the timeseries periodicities are tested by the analysis of variance (AoV) statistic (Schwarzenberg-Czerny 1989) in the RR Lyrae stars period range (0.2 ≤ P (days) ≤ 1.2). After this process the light curves were visually classified.
We repeated the classification process over the 28 analyzed tiles (b201-b228) and check if there were duplicates in our catalogues. RR Lyrae stars in the intersection areas are also important in order to check the parameters derived from two independent light-curves. The tiling pattern produces about 7% of overlapping areas between the tiles (Saito et al. 2012b) , thus took advantage of the duplicated RR Lyrae stars in the overlapping regions by combining their data. Fig. 1 shows a RRab star with the maximum number of epochs found in the intersection of the VVV tiles b208 and b222. For the overlapping RR Lyrae light curves, the derived periods, amplitudes, and mean magnitudes were compared, resulting in a distribution close to 0 within the errors in the parameters.
In this process we assign a label to the RRab stars due to their narrow period range (∼ 0.4 ≤ P (days) ≤ 1.2), near-IR amplitude (0.2 A K s (mag) 0.5) and characteristic asymmetric light curve shape (e.g., Figure 1 ). As reported by AlonsoGarcía et al. (2015) , in near-IR bands the quantity of features to classify different variable types are fewer than in the optical regime. Therefore, because of the light curves of RRc stars in the near-IR mimic the behavior of other variable classes such as W UMa contact binaries and long-period SX Phe pulsating variables, likely RRc stars (P (days) 0.4) are not under analysis here. In addition to the human expert classification described above, we run the light curves through a machine-learned classifier specifically developed for the classification of RRab in the VVV Survey. The classifier is based on a set of features extracted from each light curve following a similar approach to that of Debosscher et al. (2007) and Richards et al. (2011) , and will be described elsewhere (Elorrieta et al 2016, in prep) . We will use a similar classifier in the near future to produce a catalogue of VVV variable sources classified using automated procedures (for more details see Catelan et al. 2013b; Angeloni et al. 2014) .
One of the 28 tiles explored is obliterated by the presence of a very bright star, resulting in fewer RR Lyrae discovered. Tile b205 contains the star η Sgr (HD 167600) which is very bright in the near-IR with K s ∼ −1.55 mag. Such a bright star not only saturates the detector, but also causes reflections that affect the flat fields, and the resulting mosaic of this tile contains regions that are not suitable for variability searches. This is the reason why tile b205 contains fewer RRab stars (N RRab = 31) than the rest of the tiles (N RRab ∼ 37 on average).
Our RRab light curves have 60 − 62 data-points with a median magnitude of K s =14.2 mag (12.1 K s 16.3). At this magnitude level the completeness of the VVV source catalogues is high, with about 95% of detection efficiency in less crowded fields such as the outermost bulge region (Saito et al. 2012a ). On the other hand, experiments of signal detection rates based on VVV data for RRab stars reach about 90% detection when applied on light curves with 60 epochs (Catelan et al. 2013b) . Therefore, we can estimate the completeness of our RRab sample as good as 80% for K s 15 mag, with no expected trends along both axes, since crowding and extinction are similar across the analyzed area. At fainter magnitudes the completeness is smaller and making it difficult to find the most distant RR Lyrae, for example the ones that may belong to the Sgr dwarf galaxy. However, we identify a few Sgr RR Lyrae candidates (see Section 3.1).
We have also checked the completeness of our catalogue by comparing our findings with the RR Lyrae found by OGLE in a small fraction of our area which overlaps an OGLE IV field (Soszyński et al. 2014 ). There are 22 RR Lyrae stars with −10.3
• in the OGLE IV catalogue of which we will only focus on the 13 RRab stars present. In our catalogue there are 8 matches within d < 1 in tiles b220 and b221. Three of the five remaining RRab stars were not analyzed by our algorithm due to non-stellar photometry flags or less epochs than the minimum required and there were no matches at 1 for the last two RRab stars in the area in our catalogue. With this corrections our completeness respect to the OGLE survey is at least 80%. Certainly not all of the RRab stars in the catalogue are new discoveries. We match our catalogue with the General Catalogue of Variable Stars (GCVS; Samus et al. 2009) , with a total of 207 matches. VVV IDs and the respective GCVS names for matching objects are presented in Appendix A. We emphasize the fact that none of our classified RRab stars have tagged eclipsing binaries counterparts in the GCVS, despite that we do not discard minor contamination due to eclipsing binaries that can mimic RRab stars. Finally, 27 of the RRab stars in tile b201 have already been reported by Gran et al. (2015) .
Results
After accounting for the duplicates, a total of 1019 RRab remained in our sample. The final catalogue is presented in the Appendix A. In the first step we characterized this sample in terms of its calculated magnitude-weighted K s , J − K s color, periods, amplitudes, light-curve shapes, and, coordinates. Fig. 2 shows the J − K s color-magnitude diagram (CMD) for the complete RR Lyrae catalogue with tile b201 as a comparison field. Circles and stars represent the overlapping and single detection stars of the RRab sample, respectively. The RR Lyrae stars lie in a wide range of mean-K s magnitudes due to their distance distribution in the Galaxy, but the J − K s color is limited between ∼ 0.0 and 0.6, similar values to those reported by Gran et al. (2015) .
Besides the locus on the CMD, the RR Lyrae stars can be identified by their position on the Bailey diagram (Bailey 1902) , which relates the period and amplitude of the RR Lyrae stars, and the period distribution of the entire sample (Fig. 3) . In this diagram we can derive that our RR Lyrae stars are predominantly Oosterhoff Type I (OoI) with a minor composition of Oosterhoff Type II (OoII). We derive this composition with the Oosterhoof reference lines traced by Navarrete et al. (2015) .
In addition to the period and amplitude, another characteristic feature of the RRab stars is the light-curve shape, that can be described by a Fourier series. A sine decomposition up to sixth order was performed with the Direct Fourier Fitting (DFF) routine given by Kovács & Kupi (2007) . Fig. 4 shows the R 21 , φ 21 , R 31 and φ 31 coefficients as function of the period. All the Fourier components tend to be clustered in a limited region in this space (for reference see some outliers in the distributions (e.g.: RRab with R 21 > 0.6 or φ 21 > 2) which were visually inspected, finding some gaps in the light-curve that impact in the final value. The spatial distribution in Galactic coordinates of the catalogue is shown in Fig. 5 . The observations span only 2
• in b but more than 20
• in , resulting in the very elongated figure shape. Although there are no globular clusters in the analyzed area according to the Francis & Anderson (2014) catalogue, their presence in nearby regions could bias the number of RR Lyrae stars found. This possible effect in our catalogue was investigated on the three closest globular clusters to our sample of RRab stars. NGC 6656 is the only cluster that have associated RR Lyrae stars according to the Clement et al. (2001 Clement et al. ( , 2015 edition online catalogue 2 ), but the closest variable is 10 further from the cluster (Valenti et al. 2004 (Valenti et al. , 2005 . Both clusters develop a very red horizontal branch, which is the reason why they are not known to have associated RR Lyrae stars.
Distances and the 3D view of the outer bulge
One of the main goals of the VVV Survey is to trace the Galactic structure using variable stars in order to make the most complete 3D view of the central regions of our Galaxy (Minniti et al. 2010) . The primary distance indicators are the RR Lyrae stars due to the high number density present in the bulge area (Soszyński et al. 2014 ) and the tight period-luminosity (P-L) relation that they follow in near-IR bands (Longmore et al. 1990; Catelan et al. 2004) . To obtain the distance values, in first place we must calculate the reddening and extinction values to the individual variables. The former quantity can be obtained through the difference between the mean-apparent and absolute magnitudes of our RRab stars, given by,
where (J − K s ) 0 is the intrinsic color of our RRab star and M X the absolute magnitude in the X-band. In our analysis we adopt the P-L relations derived by Alonso-García et al. (2015) to recover the absolute magnitudes of the RR Lyrae stars in the J-and K sbands with log Z = [Fe/H]−1.765, based on a solar metallicity of Z = 0.017 (Catelan et al. 2004) . To calculate the J-band mean magnitudes for the stars in our catalogue we performed a linear regression between the J-and K s -band mean magnitudes of the RRab stars of ω Centauri studied by Navarrete et al. (2016, submitted) . This analysis is needed because the VVV Survey only provides one observation in the ZY JH-bands. The resulting fit is given by J = 0.93 × K s + 1.26. As expected, the residuals are centered in 0 with a dispersion of 0.03 mag. This allows us to derive the reddening on a star-by-star basis, and additionally the extinction of each RRab star, by adopting an extinction law (e.g., Cardelli et al. 1989) . At this point we calculate the distances given by,
with d the individual distance in pc to our RRab stars. Fig. 6 shows the distribution of distances of the RRab stars in our catalogue. The vertical line corresponds to the Galactic center distance derived in Dékány et al. (2013) with a value of R 0 ≈ 8.33 kpc. Our distances have a maximum frequency around R 0 where the center of the distribution is, and an asymmetric shape towards the far side of the bulge because the volume observed is bigger due to the cone effect. According to their distances, some of the RR Lyrae stars may belong to the Sagittarius dwarf spheroidal (Sgr dSph) galaxy (e.g., distances around 20 kpc). Kunder & Chaboyer (2009) place the core of the Sgr dSph galaxy ∼ 22 − 27 kpc from the Sun but ∼ 4
• away from our analyzed region. Even taking into account that Sgr RR Lyrae stars are mixed with the Milky Way halo variables, some RR Lyrae stars found towards these coordinates have been associated to the dwarf galaxy by MACHO (Alard 1996; Alcock et al. 1997) and OGLE (Soszyński et al. 2014) .
The elongated shape of the analyzed area allow us to approximate the observation volume by a circular sector, projecting the b coordinate. Fig. 7 shows distances and Galactic longitude in this line-of-sight circular projection. The RR Lyrae stars tend to stay near the projected Galactic center distance (d ≈ 8 kpc) and the previously mentioned Sgr dSph RR Lyrae candidates are clearly visible in the 16 ≤ d (kpc) ≤ 22 and ≥ 6
• zone.
Trace or not to trace: the X-shape problem
Many efforts have been made to study the 3D structure of the Milky Way through its stellar content. One important distant indicator are the pulsating variable stars (e.g., RR Lyrae and Cepheids, among others), but besides this method, the red clump (RC) stars were also used in near-IR single epoch studies to derive accurate distances to the Milky Way edge , bulge (Alves 2000) or the Large Magellanic Cloud (Alves et al. 2002) . This feature of the RC stars has been used recently to discover the X-shape structure of the Milky Way (McWilliam & Zoccali 2010; Nataf et al. 2010; Saito et al. 2011; Wegg & Gerhard 2013 ) that contains a bar in its central parts (Rattenbury et al. 2007; Gonzalez et al. 2011 ). This structure probably vanishes with decreasing metallicity of stars, and it is not expected in an old stellar population (Ness et al. 2012) . It is clear and well studied that the RC stars follow this barred Galactic feature, but in the RR Lyrae case there is no clear evidence for the same trend. On one hand Pietrukowicz et al. (2012) with OGLE-III RR Lyrae stars claim the existence of the barred structure rotated about 30
• with respect to the line of sight between the Sun and the Galactic center. On the other hand Dékány et al. (2013) completely rule out this possibility using the same dataset, but (crucially) including the near-IR results of the VVV Survey.
We have used our catalogue to compare the distribution of RR Lyrae at low Galactic latitude with the distribution of RC stars in the same analyzed tiles. Both catalogues were divided in three longitude bins: −10
• < < −3.5 • ; −3.5 • < < 3.5
• and 3.5 • < < 10
• . The RC stars were selected with the same technique described in Minniti et al. (2011) with magnitudes K s < 15, effectively limiting our study to RC stars at distances closer than ∼ 20 kpc. The distributions of the RC stars include also the contribution of the underlying RGB. The RGB does not change the position of the RC, thus the distributions are suitable for our comparison purposes. Assuming an intrinsic RC absolute magnitude M K s = −1.55 and an intrinsic RC color (J − K s ) 0 = 0.68, as given by Gonzalez et al. (2011) for Baade's window RC stars, the distance equation yields:
where the Cardelli et al. (1989) extinction law was assumed. Fig. 8 shows the result of the comparison between the distance distribution of RC and RR Lyrae stars. The red vertical line shows the mean distance value of a single Gaussian fit to the RR Lyrae in each longitude bin, namely d RRL ∼ 9.01, 8.63, and 8.98 kpc, from positive to negative longitudes, respectively. With associated standard deviation of σ RRL ∼ 1.36, 1.31 and 1.35, respectively. Clearly, the variation in the median distance across the longitude direction is negligible for the RR Lyrae distribution. RC stars, on the contrary, show a single peak at d RC ∼ 6.8 kpc at positive longitudes, two peaks at d RC ∼ 6.8 and 9.5, kpc across the minor axis, and a single peak at d RC ∼ 9.4 kpc at negative longitudes. In all three cases, a two-sample KolmogorovSmirnov test reveals that the distributions of RC and RR Lyrae stars are indeed different, with higher than 98.9% probability. This strongly suggests that the RC stars (but not the RR Lyrae) follow the main Galactic bar, flaring up into a peanut (X-shape) far away from the Galactic plane. The marked difference in the distance distribution of RR Lyrae variables and RC stars confirms, at low latitudes, the conclusion by Dékány et al. (2013) , that RR Lyrae and RC stars trace two different components in the bulge.
Summary
A search for RR Lyrae stars was performed in more than ∼ 47 sq deg in the outer parts of the Galactic bulge observed by the VVV Survey. In total, more than 1000 fundamental mode RR Lyrae stars were found in this area, with a completeness level estimated in 80% for K s 15 mag. We have analyzed their periods, amplitudes, light curve shapes, and 3D positions within the Galaxy. This sample allow us to compare the distribution along the Galactic longitude of RR Lyrae and RC stars, resulting in (statistically very significant) differences of more than 1.5 kpc between the peaks of both distributions. These differences prevail along the Galactic latitudes observed by the VVV Survey that shows an unchanged RR Lyrae distance distribution and a moving RC distribution tracing the Milky Way bar. This result fully supports the work of Dékány et al. (2013) and Kunder et al. (2016) which postulates a spheroidal distribution of the RR Lyrae stars in the Galactic bulge, not tracing the strong bar of the RC stars. A complete view of the RR Lyrae stars over the entire Galactic bulge will be unveiled when fully automatic searches in the VVV Survey area is completed (Catelan et al. 2013b; Angeloni et al. 2014 ). Table A .1 lists the main parameters of the 1019 ab-type RR Lyrae stars discovered in this work. For each object we provide the VVV name, Equatorial and Galactic coordinates, mean K sband weighted-magnitude, period, amplitude, and heliocentric distance In Table A .2 we list the VVV RR Lyrae matching variables in the General Catalogue of Variable Stars (GCVS). Article number, page 8 of 26 Gran et al.: Mapping the outer bulge with RRab stars from the VVV Survey Article number, page 13 of 26 A&A proofs: manuscript no. RRLyr_vf Article number, page 14 of 26 Gran et al.: Mapping the outer bulge with RRab stars from the VVV Survey 
